Background Patients with malignant melanoma often relapse after treatment with BRAF and/or mitogen-activated protein kinase kinase (MEK) inhibitors (MEKi) owing to development of drug resistance. Objectives To establish the temporal pattern of CD271 regulation during development of resistance by melanoma to trametinib, and determine the association between development of resistance to trametinib and induction of prosurvival autophagy. Methods Immunohistochemistry for CD271 and p62 was performed on human naevi and primary malignant melanoma tumours. Western blotting was used to analyse expression of CD271, p62 and LC3 in melanoma subpopulations. Flow cytometry and immunofluorescence microscopy was used to evaluate trametinibinduced cell death and CD271 expression. MTS viability assays and zebrafish xenografts were used to evaluate the effect of CD271 and autophagy modulation on trametinib-resistant melanoma cell survival and invasion, respectively. Results CD271 and autophagic signalling are increased in stage III primary melanomas vs. benign naevi. In vitro studies demonstrate MEKi of BRAF-mutant melanoma induced cytotoxic autophagy, followed by the emergence of CD271-expressing subpopulations. Trametinib-induced CD271 reduced autophagic flux, leading to activation of prosurvival autophagy and development of MEKi resistance. Treatment of CD271-expressing melanoma subpopulations with RNA interference and small-molecule inhibitors to CD271 reduced the development of MEKi resistance, while clinically applicable autophagy modulatory agents -including D9-tetrahydrocannabinol and Vps34 -reduced survival of MEKi-resistant melanoma cells. Combined MEK/autophagy inhibition also reduced the invasive and metastatic potential of MEKi-resistant cells in an in vivo zebrafish xenograft. Conclusions These results highlight a novel mechanism of MEKi-induced drug resistance and suggest that targeting autophagy may be a translatable approach to resensitize drug-resistant melanoma cells to the cytotoxic effects of MEKi.
Summary
Background Patients with malignant melanoma often relapse after treatment with BRAF and/or mitogen-activated protein kinase kinase (MEK) inhibitors (MEKi) owing to development of drug resistance. Objectives To establish the temporal pattern of CD271 regulation during development of resistance by melanoma to trametinib, and determine the association between development of resistance to trametinib and induction of prosurvival autophagy. Methods Immunohistochemistry for CD271 and p62 was performed on human naevi and primary malignant melanoma tumours. Western blotting was used to analyse expression of CD271, p62 and LC3 in melanoma subpopulations. Flow cytometry and immunofluorescence microscopy was used to evaluate trametinibinduced cell death and CD271 expression. MTS viability assays and zebrafish xenografts were used to evaluate the effect of CD271 and autophagy modulation on trametinib-resistant melanoma cell survival and invasion, respectively. Results CD271 and autophagic signalling are increased in stage III primary melanomas vs. benign naevi. In vitro studies demonstrate MEKi of BRAF-mutant melanoma induced cytotoxic autophagy, followed by the emergence of CD271-expressing subpopulations. Trametinib-induced CD271 reduced autophagic flux, leading to activation of prosurvival autophagy and development of MEKi resistance. Treatment of CD271-expressing melanoma subpopulations with RNA interference and small-molecule inhibitors to CD271 reduced the development of MEKi resistance, while clinically applicable autophagy modulatory agents -including D9-tetrahydrocannabinol and Vps34 -reduced survival of MEKi-resistant melanoma cells. Combined MEK/autophagy inhibition also reduced the invasive and metastatic potential of MEKi-resistant cells in an in vivo zebrafish xenograft. Conclusions These results highlight a novel mechanism of MEKi-induced drug resistance and suggest that targeting autophagy may be a translatable approach to resensitize drug-resistant melanoma cells to the cytotoxic effects of MEKi.
What's already known about this topic?
• The targeted mitogen-activated protein kinase kinase (MEK) inhibitor (MEKi) trametinib is used for the treatment of patients with BRAF-mutant metastatic melanoma in combination with BRAF inhibitors, but many tumours rapidly develop resistance to these drugs.
What does this study add?
• Transient induction of the low-affinity neurotrophin receptor CD271 is a critical regulator of the adaptive drug-response phase of melanoma cells to trametinib.
• Genetic or chemical inhibition of CD271 prevents emergence of trametinibinduced drug-resistant melanoma subpopulations.
• Progression to trametinib resistance by melanoma subpopulations results in loss of CD271 expression and subsequent resistance to CD271 inhibitors, but not to the cytotoxic effects of autophagy modulation.
What is the translational message?
• Autophagy modulation either through inhibition of vacuolar protein sorting 34, or activation of cytotoxic autophagy with tetrahydrocannabinol effectively resensitizes drug-resistant melanoma cells to trametinib in vitro and in vivo.
• Combined autophagy modulation and MEK inhibition offers a novel personalized therapeutic strategy to overcome MEKi-induced drug resistance for patients with BRAF-mutant metastatic melanoma.
Cutaneous melanoma remains the most deadly form of skin cancer with a rapidly increasing global incidence. 1 Oncogenic
BRAF mutations, such as the common V600E substitution present in 30-50% of melanomas. 2, 3 activate the downstream effector mitogen-activated protein kinase kinase (MEK) to drive melanoma tumour growth. Despite improvements in clinical outcome since the introduction of selective BRAF and MEK inhibitors (BRAFi/MEKi) and immune checkpoint inhibitors, development of resistance to these drugs remains a major problem, with little improvement in overall patient survival. [4] [5] [6] Proposed mechanisms of resistance to BRAFi/MEKi treatment include selection of melanoma subpopulations with inherent genetic/epigenetic changes, 7, 8 or the induction of generic stress-induced response mechanisms that raise the survival threshold of the cell. [9] [10] [11] This manuscript describes how two complementary mechanisms -CD271 signalling and autophagy -interact to regulate resistance of metastatic melanoma to the MEKi trametinib, as well as how they may be targeted to overcome drug resistance as an improved therapeutic approach for patients with melanoma. CD271 (low-affinity nerve growth factor receptor, nerve growth factor receptor or p75 neurotrophin receptor) is a member of the tumour necrosis factor superfamily that is critical in determining cell survival or death decisions. 12 Previous studies indicate that CD271 expression within primary melanomas correlates with a more aggressive tumour phenotype and reduced patient survival, 13 while isolated CD271-expressing cells from primary melanomas initiate tumour growth in immunocompromised NRG mice at a higher rate than CD271 -cells. 14 Conversely, other studies suggest that, rather than being a marker of distinctive melanoma-initiating subpopulations, CD271 expression is induced during acquired resistance to BRAF inhibition, DNA-damaging drugs or ethanol. [15] [16] [17] [18] [19] Collectively, these studies indicate that CD271 is a biomarker of tumour progression and is consistent with the concept that CD271 signalling constitutes a stress-tolerance mechanism within tumour cells. Autophagy is the principal intracellular signalling mechanism, responsible for the degradation and recycling of damaged and/or excess proteins and organelles, and serves as a critical regulator of the survival/death response of melanoma cells. 20, 21 Previous studies have shown that BRAF inhibition upregulates autophagy in patients with BRAF-mutant melanoma, whereas inhibition of autophagic flux with the lysosomal inhibitor chloroquine (CQ) overcomes BRAF inhibitorinduced resistance in several cancers, including brain, colorectal and melanoma, [22] [23] [24] suggesting that autophagy inhibition may be beneficial for the control of drug-resistant tumours in general. Conversely, as autophagy also has a tumour-suppressor function, activation of autophagy, for example by cannabinoids such as D9-tetrahydrocannabinol (THC) or cannabidiol, has been shown to induce cytotoxicity of melanoma, 25, 26 which may potentially overcome the resistance of melanoma to BRAF/MEK inhibition.
In the present study we demonstrate that the induction of CD271 and modulation of autophagy are part of a temporary innate response by melanoma cells to drug-induced stress that characterizes a stress-tolerant state preceding development of drug resistance and tumour progression. Single-agent trametinib was used as a time-efficient model for development of drug resistance, which also occurs in response to BRAF inhibition or combined BRAFi + MEKi treatment at longer time points. 17 We show that inhibiting either CD271 or autophagy using clinically relevant small-molecule inhibitors effectively targets the stress-tolerant state to induce death of MEKi-resistant melanoma subpopulations. Moreover, using an in vivo zebrafish xenograft of human melanoma we show reduced metastatic potential of MEKi-resistant melanoma cells in response to combined treatment with trametinib and a novel Vps34 inhibitor PIK-III, 27 while, importantly, having no adverse effect on the development and survival of the zebrafish. This work underpins the clinical relevance of CD271 and autophagy inhibition as a strategy to overcome the acquired resistance of BRAF-mutant melanoma to mitogen-activated protein kinase pathway inhibitors. 
Materials and methods

Results
CD271 and autophagy in primary and metastatic melanoma
The prognostic potential of CD271 and p62 as biomarkers of disease progression was determined by their immunohistochemical expression in a cohort of FFPE primary naevi and melanomas of differing AJCC disease stage ( Fig. 1a-c) . 28, 30 CD271 expression was significantly greater in stage III primary melanomas compared with naevi, stage I or stage II melanoma (all P < 0Á001; Fig. 1b ). Lowest CD271 expression was observed in stage II melanomas, which was associated with increased p62 expression (P = 0Á001; Fig. 1c) . 30 These data suggest that AJCC stage-dependent CD271 expression correlates with the level of p62 expression in melanomas ( To determine the effect of increased CD271 expression on p62, CD271 was exogenously overexpressed in WM35 cells. Western blot analysis demonstrated reduced p62 expression in WM35 cells overexpressing CD271 vs. WM35 wild-type cells (Fig. 1g) . The reduction in p62 is likely attributable to CD271 signalling rather than generic stress resulting from the transfection process as expression of several endoplasmic reticulum stress-response genes [ATF4, XBP1, ATF6, TRB3 and DDIT3 (CHOP)] were not significantly altered ( Fig. S1 ; see Supporting Information).
CD271 expression and autophagic activity in response to trametinib
Dose-escalation studies demonstrated that a clinically achievable concentration of 16 nmol L À1 trametinib induced 50-60% cell death of BRAF V600 -mutant melanoma cells after dorsomorphin (Compound C, an ATP mimic that inhibits AMPK) 34 for the final 24 or 48 h (Fig. 2g) . Collectively, these results indicate that prolonged MEKi in BRAF-mutant melanoma cells induces CD271 and AMPK phosphorylation, while also increasing autophagy and disrupting cellular energy production. 
Effect of CD271 inhibition on cell viability and autophagic activity
To determine whether trametinib-induced CD271 functions as a prosurvival signalling mechanism contributing to drug tolerance, A375 and WM35 cells, pretreated for 9 days with 16 nmol L À1 trametinib, were further treated for 72 h with trametinib in combination with either the CD271 inhibitors TAT-PEP5 (PEP5) or Ro08-2750 (Ro08), or, alternatively, with small interfering RNA (siRNA) targeting CD271 (siCD271). Subsequent analysis of MTS metabolism demonstrated that chemical inhibition or siCD271 reduced the viability of trametinib-treated A375 and WM35 cells vs. trametinib treatment alone or following transfection with a scrambled siRNA, respectively (Fig. 3a, b) . Western blot analysis demonstrated that siCD271 of A375 or WM35 cells following treatment with trametinib for 9 days reduced p62 and increased LC3-II expression vs. a scrambled siRNA, indicating increased autophagy in response to loss of CD271 (Fig. 3c, Fig. S4 ; see Supporting Information). Conversely, CD271 inhibitors did not appear to alter p62 or LC3-II expression of A375 cells following treatment with trametinib for 9 days (Fig. 3d) , suggesting PEP5 and Ro08 may reduce cell viability through inhibition of multiple mechanisms. In contrast to previous studies, 17 overexpression of CD271 in A375 and WM35 cells did not reduce trametinib-mediated inhibition of cell viability (Fig. 1f, Fig. S4 ; see Supporting Information).
To determine the effect of basal CD271 expression on response to trametinib, WM35 cells (with highest basal CD271 expression) were transfected with siCD271 prior to trametinib treatment. Western blot analysis confirmed knockdown of CD271 expression following siCD271 in WM35 cells for 24 or 72 h compared with cells transfected with a scrambled siRNA (Fig. 3e) . Subsequent analysis of MTS metabolism demonstrated siCD271 for 24 h prior to treatment with trametinib for 24 or 72 h increased trametinib-mediated inhibition of cell viability vs. cells transfected with a scrambled siRNA (Fig. 3f) . Collectively, these data suggest that in the context of MEKi, CD271 contributes to development of drug resistance, potentially mediated through reduced cytotoxic autophagy.
Harnessing autophagy modulation for the treatment of mitogen-activated protein kinase kinase inhibitorresistant melanoma cells
Western blot analysis of A375 cells treated with 16 nmol L
À1
trametinib for 42 days demonstrated that MEKi-induced CD271 expression peaked at approximately 9 days and returned to baseline by 28 days (Fig. 4a) . Peak CD271 expression was subsequently followed by increased p62 expression and accumulation of total LC3 with a reduced LC3-II/LC3-I ratio between 9 and 14 days (Fig. 4a, Fig. S5c ; see Supporting Information), indicating reduced autophagy as previously described, 35 which coincided with a return to full proliferative and invasive potential, confirming development of drug resistance. Previous studies suggest autophagy inhibition represents a viable therapeutic approach to overcome resistance of BRAF V600E -mutant brain tumour and melanoma cells to BRAF inhibition. 22, 24 To determine the role of autophagy within Subsequent analysis of MTS metabolism showed that inhibition of autophagy with PIK-III or CQ, or, alternatively, activation of autophagy with THC, in combination with trametinib, reduced the viability of MEKi-resistant melanoma cells (Fig. 4b) . Western blot analysis of A375 cells treated with 5 lmol L À1 PIK-III for 2, 6 or 24 h demonstrated a timedependent increase in p62 and reduction in the LC3-II/LC3-I ratio, indicating inhibition of autophagy by PIK-III (Fig. 4c,  Fig. S5d ; see Supporting Information). Furthermore, combined treatment of MEKi-resistant A375 cells with trametinib and CQ for 7 days reduced migration/invasion into collagen compared with single-agent treatment ( Fig. S5 ; see Supporting Information). 36 Collectively, these results indicate that autophagy modulation can contribute to resistance of BRAF-mutant melanoma cells to MEK inhibition.
In vivo efficacy of autophagy inhibition in a zebrafish xenograft of human melanoma
To evaluate whether combined autophagy and MEK inhibition reduces the invasive potential of MEKi-resistant melanoma cells in vivo, we developed an embryonic zebrafish xenograft model of human metastatic melanoma in which DiI-labelled melanoma cells were injected into the yolk sac of 2-day postfertilization fli1-GFP casper zebrafish embryos (Fig. 5a ).
37-39
Zebrafish injected with trametinib-resistant A375 cells were treated with dimethyl sulfoxide, 16 nmol L À1 trametinib, 5 lmol L À1 PIK-III or both drugs in combination for 3 days by addition of drugs to E3 aquarium water (Fig. 5b-e) . Analysis of cell movement from site of injection demonstrated that combination treatment with trametinib and PIK-III significantly reduced invasion of trametinib-resistant A375 cells in vivo (Fig. 5f ) compared with DMSO or single-agent treatment. Moreover, the combination treatment regime induced cell death, as evidenced by the release of DiI from melanoma cells into the surrounding tissue. Importantly, the combination treatment regime was well tolerated and all fish survived treatment with no obvious developmental abnormalities after 3 days. Collectively, these results demonstrate that specific autophagy inhibition overcomes the metastatic and survival potential of MEKi-resistant melanoma cells in vitro and in vivo.
Discussion
This study aimed to determine mechanisms mediating the resistance of BRAF-mutant melanoma cells to MEK-specific inhibition and define innovative means through which to overcome such resistance in a clinical setting. Our observations of reduced CD271 expression in AJCC stage II or CD271 (siCD271) small interfering RNA (siRNA) [n = 18 replicates from three independent experiments; mean AE 95% confidence interval (CI), one-way ANOVA with Tukey's post-hoc correction for CD271 inhibitors (**P = 0Á001, ****P < 0Á001), or unpaired t-test for siRNA ( We show that treatment of BRAF-mutant melanoma cell lines with trametinib induced cytotoxic autophagy and subsequent cell death. However, prolonged exposure to trametinib led to the emergence of drug-resistant melanoma subpopulations characterized by a transient increase in CD271 expression, the inhibition of which resulted in increased trametinibinduced cell death, indicating that CD271 functions as a prosurvival mechanism in response to MEK inhibition. Trametinib-induced CD271 signalling has recently been shown to induce prosurvival DNA damage response pathways, 18 and data from the present study additionally suggest that such signalling may promote survival by inhibiting cytotoxic autophagy as knock-down of trametinib-induced CD271 in WM35 melanoma cells resulted in increased autophagy and reduced cell viability. However, results also suggest that CD271 may have opposing effects on autophagy in unstressed cells, such as CD271 + cells from treatment-na€ ıve cell lines that appear to require autophagy for survival vs. CD271 + cells undergoing drug-induced stress, where CD271 appears to reduce cytotoxic autophagy. The role of CD271 as a component of diverse and/or opposing signalling networks is supported by recent studies characterizing CD271 as a regulator of the 'phenotype switch', 40 and seems increasing likely given the large number of CD271-interacting partners, as well as the ability of CD271 to function as a homodimer, 41 or to elicit signalling in the absence of ligand binding. 42 Data from the present study suggest a model whereby CD271 contributes to drug resistance by lowering autophagy below the threshold for induction of apoptosis allowing the cell to benefit from the prosurvival function of autophagy (Fig. 6) . Therefore, similarly to BRAFi-resistant brain tumour and melanoma cells, 22, 24 it is likely that MEKi-resistant melanoma subpopulations maintain a low autophagic activity to promote survival and metastasis, which can be subsequently targeted with CQ or by the novel, selective autophagy inhibitor PIK-III to reduce invasion and viability of MEKi-resistant melanoma cells both in vitro and in vivo. These results also support our previous findings showing that mutant BRAF suppresses autophagy, 43 and provide a clear rationale for combining BRAFi/MEKi with clinically relevant inhibitors of autophagy such as those targeting the autophagy regulatory protein Vps34. However, as autophagy is also a tumour-suppressor mechanism in normal cells clinical inhibition of autophagy may sensitize patients to secondary tumour formation. Therefore, an alternative approach may be to exacerbate autophagy, for example with THC, which has been shown to activate cytotoxic autophagy through induction of endoplasmic reticulum stress, specifically in cancer cells, with minimal adverse effect on normal cell types. 25, 44 This study highlights the great potential of harnessing the modulation of generic survival mechanisms, such as CD271 signalling and autophagy, as a means to overcome drug resistance and more effectively treat patients with currently incurable metastatic melanoma. However, for these approaches to be applied in the clinic, further in vivo validation, such as performed by recent studies demonstrating the potential of autophagy modulatory drugs in zebrafish, 45 is required to confirm their antitumourigenic efficacy with minimal off-target toxicity to normal cells. To this end, zebrafish are a useful and versatile model organism for the study of cancer that complement existing nonanimal models of melanoma, such as skin equivalents, 46 by providing a fast, cost-effective assay for studying in vivo melanoma metastasis and drug response. Further preclinical studies of specific autophagy inhibitors, such as novel Vps34 inhibitors, or compounds and strategies that specifically mediate induction of cytotoxic autophagy in cancer cells, such as cannabinoids, will inform the design of early-phase clinical trials and drive the efficacy of personalized targeted medicine that harnesses autophagy modulation of the benefit of patients with metastatic melanoma.
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